Background: Phytochemicals are secondary metabolites of plants that are produced for their
such as energy storage, catalyst of biological reaction, and transduction of genetic information.
On the other hand, secondary metabolism is a specific process to a particular species, which provides various natural compounds for adaptation in response to the environmental stresses [6] .
For example, some plants biosynthesize polyphenols with high UV absorbing activities in their leaf epidermis and pericarp, which are considered to play a key role in protection against UV light-induced oxidative damage. Likewise, plants are known to produce a variety of compounds with anti-fungal, microbial, and insect activities in response to erosion stresses [7] .
Recently, plant secondary metabolites, some of which are contained in food materials, have been revealed to possess a wide range of physiological activities in mammals. Many epidemiologic studies indicated that daily intake of food phytochemicals reduces the risk of onsets of diverse diseases including cancer and neurodegenerative disorders in human [8, 9] .
Correspondingly, there has been accumulated evidence showing that plant secondary metabolites exhibit various bioactivities relating to anti-oxidation, anti-inflammation, and detoxification, in mammalian cell lines as well as rodents [10, 11] . Recent mechanistic studies have revealed that some phytochemicals are bound to multiple signaling molecules in mammals for the modulation of signal transduction pathways which are associated with development of various diseases [12] .
However, the biological reason why plant secondary metabolites exhibit such bioactivities in mammals remains to be fully explained. Considering that phytochemicals are originally produced by plants for their survivals, they should be recognized to be xenobiotic compounds in mammals ( Fig. 1) . Indeed, bioavailabilities of phytochemicals in mammals have been revealed to be substantially poor, because they are subject to biological inactivation through detoxification mechanisms. For example, anti-carcinogenic sulforaphane (SFN), an isothiocyanate broadly distributed among cruciferous vegetables, is immediately metabolized to its glutathione conjugate by phase II detoxification enzymes and then excreted in urine [13] . This metabolic process is in contrast to that of glucose, which is actively absorbed via its specific transporter.
However, it is interesting that molecular mechanisms underlying bioactivities of phytochemicals are partly associated with such xenobiotic properties.
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Health benefit ! Plants produce secondary metabolites for their survivals in response to environmental stresses. Fundamental reasons why phytochemicals exhibit physiological functions in mammals remains to be fully answered.
Some electrophilic phytochemicals are known to activate nuclear factor-E2-related factor 2 (Nrf2) for inducing phase II detoxify enzymes, which lead to anti-oxidation and anti-carcinogenic properties [14, 15] . Under a homeostatic condition, Nrf2, a key transcription factor for regulating the expressions of detoxifying and anti-oxidative enzymes, is inactivated by binding to Kelch-like ECH-associated protein 1 (Keap1). Only when cells are exposed to oxidative stress or electrophilic compounds, Nrf2 is allowed to translocate to nucleus and induces the target genes through modifications of reactive thiol groups of Keap1 [16] . Thus, cells possess the mechanisms to reinforce their anti-oxidative and detoxifying abilities against certain biological stresses, although severe stresses can lead to their collapse. Such beneficial effects provided by mild biological stresses through activation of adaptation mechanisms are termed 'hormesis' [5] . Hormetic effects can be provided by not only oxidative stress. For example, radiation, a well-known carcinogenic stress, has been also reported to exhibit hormetic effects.
Surprisingly, an epidemiological study has revealed that an average radiation dose of 0.4 Sv during a 9-20 year period dramatically reduced incidence of spontaneous cancer death by 97% [17] , implying a marked potential for health benefit.
Proteo-stresses such as heat shock denature biological proteins, which leads to alteration of their functions as well as tertiary structures. Under a severe denaturing condition, intracellular proteins are occasionally aggregated, which has been reported to be associated with aging and onsets of several disorders such as neurodegenerative disease and cancer [18] . Many recent studies have indicated that PQC systems play key roles in countering such proteo-stress, which is comprised multiple processes, including protein refolding by molecular chaperones and proteolysis by the ubiquitin-proteasome systems as well as autophagy (Fig. 2) . Importantly, these PQC machineries are known to be activated by moderate proteo-stresses [19] .
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Denaturing stresses HSPs are major molecular chaperones highly conserved among all species from bacteria to humans. HSPs not only refold denatured proteins but also prevent their aggregation basically through binding to hydrophobic surfaces of denatured proteins. Importantly, HSPs expressions are up-regulated via heat shock response (HSR) as mentioned below. HSP90, a major constitutive HSP, is a negative regulator of the transcription factor HSF1, which regulates the expressions of inducible isoforms of HSPs such as HSP70 and HSP40. Upon exposure to stress, denatured proteins induce non-bound HSP90 recruitment, which enables HSF1 to transactivate the target genes [20] . Thus, proteo-stress at appropriate levels may reinforce PQC systems via
Excessively denatured proteins are occasionally ubiquitinated by carboxy terminus of Hsc70 interacting protein (CHIP), a chaperone-dependent E3 ligase, for their degradation [21] .
The 26S proteasome, a multi-catalytic protease complex, is responsible for degradation of monomeric proteins. Ubiquitinated proteins are recognized by the 19S regulatory subunit including Rpt1-6, and proteolysis occurs in the 20S catalytic core subunit consisting of 1-7 and 1-7, which exhibits chymotrypsin, trypsin, and caspase-like activities [22] . Nrf2 has been reported to induce proteasome activity in response to oxidative and electrophilic stress.
Microarray analysis showed that Nrf2 is responsible for induction of both 19S (Rpt2, Rpt5, Rpt11, etc.) and 20S , etc.) subunits [23] . On the other hand, autophagy is a bulk degradation system by which cytoplasmic materials are engulfed by double-membrane vesicles, known as autophagosomes, and delivered to lysosomes for degradation. It is known as an essential step in autophagy induction that conjugation of phosphatidylethanolamine to LC3 in generation of LC3-II associated with autophagosomes [24] . Recently, there is growing evidence that aggrephagy, the selective autophagic process for protein aggregates, is a highly selective PQC mechanism [18] . In aggrepahgy, p62 binds to both LC3 and ubiquitinated proteins to execute proteolysis, which is one of target genes of Nrf2.
OBJECTIVE:
Recent studies have revealed that phytochemicals specifically bind to proteins in mammalian cell lines. In 2004, Tachibana et al. identified a 67-kDa laminin receptor as a receptor for (-)-epigallocatechin-3-gallate, a major green tea polyphenol with chemopreventive activity [25] .
Following this pioneering work, several studies of the target molecules of phytochemicals such as polyphenols and isothiocyanates have been presented. However, there are scant experimental data or insights regarding their binding selectivities. Considering that most, if not all, of these chemical structures are simple and small, it is reasonable to assume that they largely interact with proteins in a non-specific manner. In support of this notion, several isothiocyanates including SFN were shown to bind to unidentified multiple proteins in cultured cells [26, 27] , though the authors did not highlight those findings in their studies. Such non-selective bindings to proteins by phytochemicals are presumed to be potentially proteo-toxic, leading to activation of PQC systems under the appropriate conditions. This study was first undertaken to address this possibility of phytochemicals for exhibiting proteo-hormetic effects.
METHODS AND RESULTS:
Zerumbone (ZER) is a sesquiterpene derived from Zingiber zerumbet Smith (Zingiberaceae, shampoo ginger). In Southeast Asia, the rhizomes of this plant contain large amounts of ZER and have been used as a traditional medicine for analgesic and anti-inflammatory purposes. The bioactivities of ZER have been studied over the past two decades, which revealed its cancer preventive [2] , anti-inflammatory [28] , and detoxifying [15] activities, although the mechanisms -humulene, an analog of ZER lacking an -unsaturated carbonyl group, had less bioactivities in several studies [29] , implying that this electrophilic moiety of ZER would be essential to exhibit its potent bioactivities. These studies raised the possibility of ZER to bind to nucleophilic groups in functional proteins covalently via Michael reaction (Fig. 3) . Recent study also showed that heme oxygenase-1 induction by ZER was dependent on Nrf2 [32] .
Considering these findings, Keap1 might be one of the target proteins of ZER for its anti-oxidant and detoxifying bioactivities. Given that ZER was reported to modify and decrease cellular reduced glutathione [15] , leading to oxidative stress, induction of anti-oxidative enzymes through modification of Keap1 can be considered to be one of hormetic effects induced by ZER.
In addition to identification of Keap1 as a target protein of ZER, numerous proteins were revealed to be modified by BioZER with less-selectivity. To confirm whether ZER itself also modifies multiple cellular proteins in a similar manner, an antibody against ZER-thiol adducts Non-specific protein modifications by ZER are presumed to be potentially proteo-toxic.
Excessively denatured proteins are known to be ubiquitinated, followed by their aggregation, as mentioned above. Then, the possibilities of ZER to promote ubiquitination and aggregation of cellular proteins were examined. Hepa1c1c7 cells exposed to ZER were lysed for western blot analysis, showing its concentration-dependent ubiquitination of cellular proteins. Importantly, this phenomenon was scarcely seen in CHIP, a chaperone dependent E3 ligase, silencing cells, implying ZER denatures cellular proteins, followed by CHIP-dependent ubiquitination. To visualize protein aggregates, cells were stained with molecular rotor dye, resulting in the increase of cellular aggresome by ZER treatment. These results showed potential proteo-toxicity of ZER, which might be caused by non-specific protein modifications [4] .
Given that ZER possesses proteo-toxic potential, it might induce proteo-hormetic effects Proteolysis machineries might be also activated for adapting to proteo-stress induced by ZER. The effect of ZER to proteasome activity was examined in Hepa1c1c7, resulting in increase of cellular chymotrypsin-like activity. Western blot analysis showed that expression of -like activity, was up-regulated by ZER. On the other hand, autophagy activation was evaluated by western blot analysis of LC3-II, whose increase is a hallmark of this phenomenon, resulting in up-regulation of LC3-II by ZER.
To confirm this autophagic response to ZER, cellular acidic vesicular organelles including autolysosomes and lysosomes were stained by acridine orange, which resulted in an increase of acidic vesicles by ZER. Additionally, ZER significantly induced some pro-autophagic genes including p62, an essential protein for aggrephagy. These results indicated that ZER also activated proteolysis machineries such as UPS and autophagy [4] . To verify whether ZER-modified proteins are degraded through these proteolysis mechanisms, cells were washed by PBS after ZER treatment, followed by incubation in ZER-free medium. Interestingly, ZER-modified proteins decreased in a time dependent manner, which was canceled by treatment with lactacystin, a proteasome inhibitor, or E64d and pepstatin A, autophagy inhibitors.
ZER was revealed to possess the ability of activating PQC systems (Fig. 4) , suggesting that defense capacity against proteo-stress was amplified to a higher level as compared with the non-treated condition. Importantly, pretreatment of Hepa1c1c7 cells with ZER suppressed cellular protein modifications by 4-hydroxy-2-nonenal (HNE), a major lipid peroxidation product that is known to intensively modify cellular proteins [34] . In accord with this phenomenon, pretreatment with ZER also conferred a phenotype resistant to cytotoxicity by HNE, which was abolished in p62-silencing cells. These data implied that ZER reinforced the cellular defense capacity against proteo-stress through p62-dependent aggrephagy activation [4] .
Also in vivo test with C.elegans, ZER administration significantly increased survival rates of nematodes after heat shock treatment [3] .
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Nrf2-dependent pathway Figure 4 . Non-specific protein modifications by ZER activated multiple self-defense systems including protein quality control systems via mild proteo-stress.
Finally, HSP70 inducing activities of various natural compounds including plant primary and secondary metabolites were evaluated to examine whether this activity is limited to that seen with ZER. Among the tested nutrients, almost all compounds except for all-trans retinol and zinc chloride were inactive, implying that most nutrients are not recognized as xenobiotic stressors, because they are essential for mammalian homeostasis. Next, HSP70 inducibilities of phytochemicals including polyphenols and terpenoids were examined. Interestingly, most polyphenols examined in this experiment did not up-regulate HSP70, but rather tended to suppress it, whereas hydrophobic or electrophilic compounds such as ursolic acid, lycopene, isothiocyanate, and curcumin were also identified as potent HSP70 inducers [3] . These results support the hypothesis that non-specific protein modifications induce HSR, because both hydrophobicity and electrophilicity are major determinants for the non-selective interactions of chemicals with proteins.
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Protein quality control systems (HSPs, proteasome, autophagy) ZER, a chemopreventive sesquiterpene, was revealed to modify thiol groups in cellular proteins via its active moiety, -unsaturated carbonyl group [31] . Keap1, a negative regulator of Nrf2, was shown to be modified by ZER with relatively higher selectivity. Given that ZER has been shown to activate Nrf2 that is a key transcription factor for regulating the expressions of anti-oxidant and detoxifying enzymes, Keap1 is considered as one of target molecules of ZER, which might be one of hormetic mechanisms against oxidative stress caused by ZER. In addition to such selective modification, it was also clarified that numerous cellular proteins were modified by ZER with poor selectivity. Importantly, such non-specific modifications induce proteo-stress, leading to ubiquitination and aggregation of cellular proteins [4] , which has been revealed to rather activate multiple PQC machineries, including HSPs [3] , UPS, and autophagy [4] . This is the first study demonstrating proteo-hormetic effects induced by a phytochemical (Fig. 5) .
Hydrophobic or electrophilic phytochemicals other than ZER also possessed HSP70 inducing activities, but nutrients did not, suggesting the significance of their xenobiotic properties for activating PQCs. However, it is noted that there are some reports suggesting that HSR induction by phytochemicals is induced by modification of specific thiol groups in HSP90 [27] . The substantial contribution ratio of non-specific protein modifications in HSR by phytochemicals remains to be answered.
Although it is needless to say that biological stresses can lead to collapse of homeostasis under the severe condition, an appropriate degree of stress might induce hormetic effects for activation of defense systems [5] . Recent reports have shown that dysfunction of PQC systems are associated with aging and various disorders [18, 35] . A large number of food phytochemicals have been reported to exhibit a wide range of physiological functions, whose mechanisms might be basically associated with such proteo-hormetic effects. Therefore, chronic ingestion of this class of chemicals may result in 'chemical training', in which self-defense systems are continuously activated for adaptation to phytochemical-induced stresses.
